-Seeding infected red blood cells allows fixation without glutaraldehyde -Omitting glutaraldehyde improves immunofluorescence staining -STED nanoscopy is readily applicable to infected red blood cells
Over the last decade significant progress in understanding the cell biology of malaria parasites has been made [1] . Despite advances in live cell tagging technologies, immunofluorescence staining is still the best alternative to localize unaltered endogenous proteins in their native context [2] . The red blood cell (RBC) stage of the Plasmodium falciparum parasite is particularly challenging to stain due to multiple membranes hindering antibody penetration, the autofluorescence of the host cell, and its sensitivity to osmotic changes, causing lysis under many conditions. Tonkin et al. have made a great effort in determining the minimally required glutaraldehyde (GA) concentration (0.0075%) to prevent RBC lysis throughout the whole in suspension immunofluorescence staining procedure [3] . Paraformaldehyde (PFA) fixation alone is not a viable option for immunofluorescence staining in suspension because RBC lysis after or during permeabilization makes the recovery of parasites impossible. This protocol is widely used in the field and has significantly contributed to the progress around many diverse cell biological questions. However, GA fixation remains a compromise. Its deleterious effects on immune epitopes, quenching of fluorescent proteins, and increase of background fluorescence at higher concentrations are well-known. We suspected that even minute amounts of GA are still masking valuable epitopes for many of the used antibodies. Alternative fixation methods such as methanol, air drying, or saponin-lysed parasites have been used but are clearly inferior in terms of structural preservation. Also glyoxal, which has been recently highlighted as a superior fixative for many vertebrate/mammalian cell lines in terms of structural preservation and staining efficiency [4] , did not work efficiently in Plasmodium blood stage (Suppl. Fig. 1 ). Another key limitation to studying parasite cell biology, and especially nuclear biology, is the parasite's comparatively small size. This limitation has been partially overcome by applying structured-illumination microscopy (SIM) during invasion studies [5] . SIM is however physically limited to a doubling of resolution [6] . More advanced super-resolution imaging technologies heavily rely on optimal sample preparation, good signal-to-noise ratio, and high signal intensities [7] . Here, we demonstrate the possibility to omit GA from the fixation protocol by combining immunofluorescence with cell seeding on imaging dishes as established by Grüring et al. for live cell imaging [8, 9] . This resulted in a substantial improvement of labeling intensity, specificity and efficiency while maintaining structural integrity of the parasite cells. Additionally, we show that several antibodies that have previously been discarded as unsuitable for P. falciparum staining can actually produce satisfactory results under those conditions. This improved immunofluorescence protocol enabled us also to acquire high quality STED pictures of sub-diffraction nuclear structures, i.e. nuclear pores and hemi-spindle microtubules.
To avoid the problems with RBC lysis in suspension explored the possibility to seed the cells in concanavalin A-coated imaging dishes, as described by Grüring et al., prior to fixation and staining [9] . This prevented parasite loss during fixation with 4% PFA only and allowed us to explore the effect of 0.0075% GA addition on the quality of immunofluorescence staining. Without GA we observed a change of the infected RBC (iRBC) monolayer from red-brown to clear after the permeabilization step, suggesting that the RBC cytoplasm was at least partially washed out. We found that RBCs were structurally slightly altered and became significantly more translucent in the brightfield channel ( Fig.  1A ) but also less autofluorescent. Host cell actin staining with phalloidin revealed a more irregular RBC membrane shape whereas the staining intensity was much increased. However, we did not observe any loss of parasite density on the slide. From a practical aspect, this staining technique achieves very consistent monolayers with high parasitemia, avoids centrifugation steps, and facilitates potential combination with live cell imaging. Using parasitophorous vacuole staining with anti-Exp1 antibodies [11] , we observed that the three-dimensional structure of the parasite showed neither structural alterations nor flattening of the parasite itself or its nucleus ( Fig. 1B) . This is consistent with the observation that partial RBC lysis only occurs well after fixation is completed, allowing the parasite to maintain its shape. We observed, however, strongly increased Exp1 signal intensity without GA and a much higher labeling density. When the same cell was z-projected, the anti-Exp1 signal is only barely detectable in the GA-fixed samples under identical acquisition and contrast settings (Fig. 1C ). This prompted us to test this improved staining protocol for several antibodies targeting different parasitic structures representing the RBC cytoplasm, the parasite outer membrane, parasite cytoplasm, the nuclear membrane and the nucleoplasm. Labeling with anti-α-tubulin (T5168, Sigma) antibodies revealed much brighter staining of nuclear microtubules under identical conditions while displaying the same protein organization ( Fig. 1D ). When fixed in the presence of GA, both centriolar plaques and hemi-spindle microtubules were only detectable if contrast settings for the anti-α-tubulin signal were adjusted accordingly ( Fig. 1D ). Anti-PfNup116 (nuclear pores, [13] ) staining in contrast yielded comparable signal intensities when fixed either with or without GA ( Fig. 1E ). We found that in this case primarily background binding of the respective antibody was reduced in GA-free conditions. Staining with anti-SBP1 (Maurer's clefts, [12] ) antibodies, although the same localization pattern is maintained, is much more efficient without GA in all cells observed ( Fig. 1F ). Our results suggest that even those small quantities of GA can modify immune epitopes, causing a decline in specific antibody binding. More critically, we detected, as previously found by many colleagues, a high fraction of unlabeled cells (Suppl. Fig. 2 ). Quantification revealed a strong drop of labeling density with GA for PbHsp70, Exp1, SBP1, and Cdc48 (apicoplast, [14] , dilution 1:500) antibodies ( Table 1 ). We did not optimize the permeabilization protocol to potentially alleviate this effect but used standard incubation conditions and Triton ® X-100 concentration as described before [3] . To exclude the possibility that the lack of staining in GA-fixed cells is related to the absence of mechanical stress imposed upon cells during centrifugation, potentially improving antibody penetration, we also tested staining in suspension as described previously [3] . This approach did not improve the fraction of stained cells (Table 1) . A possible explanation for the increase in labeling density under GA-free conditions may be improved penetration of the antibody to the site of binding due to partial lysis of RBCs. From our rudimentary observations we could not extract a rule predicting staining success of specific parasite stages according to hemozoin, DNA content, etc. when fixed with GA. This poses the question whether an unbiased selection of cells for quantification purposes is at all possible under these staining conditions. To check whether GA can occasionally prevent antibody recognition, we tested two more antibodies that had been previously unsuccessful in specifically staining P. falciparum blood stage parasites. We confirmed that an anti-PbHSP70 antibody [15] does not label cells with GA (Table 1) but can give a distinct cytoplasmic staining without ( Fig. 2A) . Further, staining with two commercial cross-species reactive anti-centrin (clone 20H5, Merck) and anti-γ-tubulin (ab16504, Abcam) antibodies revealed only background staining with GA ( Fig. 2B) . Under improved conditions we detected a perinuclear colocalization at a site that is presumably the centriolar plaque, thereby displaying the expected localization. How far one can improve resolution beyond the diffraction limit is highly dependent on the number of photons that can be collected from a given sample. We therefore imaged our newly improved immunofluorescence staining samples by STED nanoscopy. An important limitation we noticed upon parasite imaging is substantial structural damage to the cells caused by the STED laser should it hit the hemozoin crystal. This can be explained by the STED laser power being about three orders of magnitude higher than standard excitation lasers and the hemozoin being a highly absorbing crystal [16] . This effect has been described before by Michael Pasternak on the STED Abberior website (www.abberiorinstruments.com/products/expert-line/rescue/). Improved imaging protocols using feedback control for soft-and hardware, allowing acquisition of full iRBCs that contain hemozoin, are in principle available and need to be established in the future. As a consequence, we could only image subcellular regions devoid of hemozoin, thereby avoiding cellular damage. Based on recommendations and comparisons of a few STED-compatible dyes, we yielded the best image quality with Atto 594-tagged secondary antibodies (anti-mouse 76085, anti-rabbit 77671, Sigma). For dual-color STED we recommend combination with Atto 647N or STAR RED fluorophores (50185, Sigma or Abberior). We chose antiα-tubulin and anti-PfNup116 staining for microtubules and nuclear pores, respectively, to test whether we can resolve sub-diffraction structures within the parasite nucleus. Direct comparison of the same cellular region imaged in confocal and STED revealed nicely separated microtubule bundles emerging from distinct points (Fig. 2C ) as well as individual nuclear pore clusters that were not distinguishable in scanning confocal images (Fig. 2D) .
Table 1. Percentage of antibody-stained cells with or without GA addition
The amount and quality of cell biological information that can be extracted from fixed cells is highly dependent on the quality of the immunofluorescence staining. Our improvement to the state-of-the-art protocol gives an opportunity to reiterate the efficacy of previous antibodies and improve specificity for future labelling. In combination with super-resolution nanoscopy this protocol can push the boundaries of what will be discovered about sub-cellular organization in the malaria parasite a bit further. 
Materials and methods
Parasite culture P. falciparum blood stage cultures (NF54) were maintained at a hematocrit of about 3% in 37 °C incubators with 90% humidity, 5% O2 and 3% CO2 saturation. Culture development was monitored by Giemsa staining, and cultures were diluted with O+ human erythrocytes to maintain a parasitemia of 3-5%. Parasites were synchronized by sorbitol lysis of late stages.
Seeding infected red blood cells
Cell seeding was adapted to Lab-Tek II 8 well chambered slides (Thermo Fisher) using previously described procedure [9] . Infected RBCs containing P. falciparum ring stages were seeded on Lab-Tek II slides. For this purpose, Lab-Tek wells were coated with 80 µL Concanavalin A (Sigma, 5mg/ml in water) per well. After 20 min at 37 °C, wells were rinsed twice with pre-warmed PBS. For each well, 150 µL of iRBC culture was washed twice with PBS by centrifugation in 1.5 ml reaction tubes at 800 g for 15 sec and distributed into the wells. Cells were allowed to settle for 10 min at 37 °C. Unbound RBCs were carefully washed away with two to three PBS rinses until a faint RBC monolayer remained. Seeded iRBCs were incubated a few hours or overnight in 400µl complete RPMI cell culture medium, which was necessary since fixation of cells directly after iRBC seeding never allowed us to detect any spindle microtubules in the parasites (Suppl. Fig. 3 ). This might be due to depolymerization of these delicate structures upon osmotic stress caused by PBS or change in temperature during cell handling.
Immunofluorescence staining
Wells were quickly rinsed with PBS and immediately fixed with prewarmed 4% PFA or 4% PFA/0.0075% GA at 37 °C for 20 min. All remaining steps were performed at room temperature. After rinsing once with PBS, cells were permeabilized with 0.1% Triton ® X-100 in PBS for 15 min, followed by three PBS washes. Quenching of free aldehyde groups was done in ~0.1 mg/mL NaBH4 for 10 min. Cells were washed twice and blocked in 3% BSA/PBS for at least 30 min. Both primary (see figure legends for details) and secondary antibody dilutions (1:200 or 1:500) were centrifuged at 14.800 rpm for 10 min at room temperature to remove aggregates. Primary antibodies were allowed to bind for 2 h in 3% BSA/PBS followed by three washes with 0.5% Tween ® 20/PBS for 5-10 min each on a horizontal shaker. Secondary antibodies and Hoechst were added in fresh blocking buffer and incubated for at least 30 min while protected from light. Cells were washed again with 0.5% Tween ® 20/PBS three times and one additional time in PBS on a horizontal shaker. Samples were stored in 300 µL PBS at 4 °C in the dark until imaging. The same protocol was also applied to cells in suspension with 4% PFA/0.0075% GA fixation as described before [3] . RBC actin was stained with Phalloidin-Alexa Fluor 488 1:500 (Thermo Fisher) in PBS for 30 min.
Image acquisition and analysis
Images were acquired on a Leica TCS SP8 scanning confocal microscope, equipped with a 63x oil objective (numerical aperture, 1.4), GaAsP hybrid detectors and spectral emission filter. Laser power (405, 488, 561, 633) was individually adjusted to the different antibody combinations and fluorophores used. Images had a size of 128 x 128 pixels with a pixel size of 72 nm and pixel dwell time of 4.88 µs. Z-stacks of 4.18 µm and 6.27 µm were acquired with a step size of 280 nm. For overview images to quantify labeling efficiency we used 2048 x 2048 pixels with a pixel size of 92 nm and z-stack size of 8-10 µm. Images were merged and adjusted for contrast using Fiji [10] . Super-resolution images were acquired using a single-point scanning STED microscope by Abberior Instruments GmbH, equipped with a pulsed STED depletion laser of 775 nm, using gated detection. The STED laser power was adjusted to about 40%. Imaging was performed with a 100x oil objective (numerical aperture, 1.4) and a pixel size of 20 nm and pixel dwell time of 10 µs. Deconvolution was performed using Richardson-Lucy algorithm with default settings in IMSpector imaging software (Abberior Instruments GmbH).
